Accumulation of heat, or dissolved substances (nutrients, pollutants, etc.), or fine suspended particles in a water body is a key process in the functioning of aquatic ecosystems and their resistance to perturbations. In complex and wide open environments such as marine ecosystems, net accumulation is not only linked to the local renewal capacity of the water body, but also to the partial recirculation of water due to convective cells of various sizes. The English Channel, which can be considered as mainly dominated by tidal movements, exhibits such a complex quasi-permanent long-term circulation, made of a central "river" bordered with a lot of nested gyres. Here, we show that structures visible on satellite images of SST (Sea Surface Temperature), chlorophyll and SPIM (Suspended Particulate Inorganic Matter) can be explained by steady state distributions of tracers having various half-life durations, which can be computed using a simple technique of regularly distributed micro-injection in the permanent flow field. Gyres induced by capes in open water appear to be retention areas, whereas gyres around islands (Channel Isles) appear to be strong disseminating areas, acting as slings. Moreover, SST satellite maps can be explained by a short-lived tracer during the "transitory" seasons (spring and autumn), and by a long-lived one during the "stable" seasons (summer and winter): long-term accumulation structures become apparent only in August and March. SPIM can be considered as a tracer injected only in muddy areas by the bottom friction caused by the swell, and having a half-life duration linked to the turbulent energy dissipation, which controls the settling rate; this succeeds to explain the observed turbidity in the central Channel essentially, as well as the striking asymmetry visible on images between the large turbid coastal band along the English coasts (materializing a natural long-term retention area), and the rather clear waters along the French coasts. The annual mean chlorophyll distribution in the Channel, as derived from satellite reflectance, can be simulated by a short-lived tracer injected proportionally to the mean light availability along the water column. Computing steady state distributions of various substances or particles in permanent circulation gives a simple and quick tool for understanding their mean stable distribution patterns in the oceans.
Introduction
Ecologists have observed for a long time that phytoplankton biomass visible in water bodies depends not only on basic material (nutrients) and energy (light) supply, but also on the residence time of the water and its biogeochemical contents in the area under concern. Basically, a mean residence time is defined by the ratio of a volume to the flow rate going through it. Because the volume under concern is quite evident in completely mixed experimental reactors or in natural small lakes, much theory has been derived for the productivity of such semi-closed systems since the pioneer work of Monod(1950) and Vollenweider(1975) . But the growing concern about eutrophication of some specific open coastal areas in the world, such as the eastern North Sea, the northern Adriatic, or the Vilaine bay in France, requests the extension of the residence time paradigm to the open sea and, hence, a sound definition of the relevant volumes that can be delineated in open fluid flows is needed. As a first step towards this aim, this paper proposes a simple numerical technique able to reveal the different volumes accessible to substances exhibiting different half-life characteristics. Validation of such a technique requires measured synoptic maps of various substances, with complete coverage of the area, and the finest available resolution. Only satellite imagery can bring such data at sea, at least for the surface layer. Therefore, this technique has been applied to a shelf sea of about 500 km x 200 km, the English Channel, which provides various types of flow patterns created by the eastward tide propagation on irregular bathymetry. This shelf sea, with depths not exceeding 100m, except in the narrow central paleovalley of the Seine river, is characterized by a very strong tidal regime, which maintains a stable pattern of long term circulation, whatever the changing meteorological forcing. This so-called tidal residual circulation is now well known, mainly thanks to hydrodynamical models (see Methods). It is characterized by a central "river" flowing eastwards from the Atlantic to the North Sea ( Fig.1) , bordered with a lot of nested gyres, some of them being cape induced (Barfleur and Antifer along the French coast, Isle of Wight and Dungeness along the British coast), the others being centered on islands which the periodical flow must get around ; these last gyres can be very strong around the Channel Isles (Guernsey, Jersey, Alderney, Chausey…). As far as remote sensing is concerned, the English Channel area is now well documented, particularly since the launch of SeaWiFS (Sea Wide Field Sensor) at the end of 1997. Other authors have used, very early, satellite maps of the sea surface temperature or spectral reflectance to explain physical patterns, as the tidal fringes around the Channel Isles , or the phytoplankton distribution in frontal zones (Viollier et al., 1987) but the instruments now in space give us a considerable set of new data. The question arises if the rotating, nested cells of various sizes embedded in the general eastward flow, which are observed on the images, may act as partially isolated volumes, able to accumulate pelagic substances, pollutants, or marine larvae, or phytoplankton which may lead to "red tides" in case of efficient retention in shallow, nutrientenriched areas. The hypothesis being tested in this paper is that some strong features appearing on satellite images can be explained by the spatially distributed retention or dispersion capabilities of the tidal residual circulation, as revealed by a simple 2DH modelling technique.
Material and methods

Tidal residual flow field
The long-term drift of particles on a macrotidal shelf such as the English Channel can be successfully estimated by the field of tide-filtered streams. The basic information lies in 2D horizontal fields of barotropic currents computed every minute during a tidal period (12h25mn), for a medium tidal amplitude. The simplest, and built-in conservative method for computing a residual flow field is the eulerian approach, i.e. to sum separately the flows through each mesh during a whole tidal period ; but, as pointed out by several authors (Pingree and Maddock, 1985, Orbi and Salomon, 1988) , real long-term drift (Fig.1 ) is more accurately computed using a residual flow field deduced from lagrangian trajectories. Salomon and Breton (1991) have explained how they computed such a field for the English Channel, starting from a 2DH barotropic model of tidal currents based on ADI scheme applied to a C-type Arakawa grid (Fig.2) . For regularly spaced departure points and regularly spaced departure times covering a 12h25mn tidal period, the residual displacement of a water particle after 12h25mn is computed and this vector is placed at the barycentre of the trajectory. A unique residual velocity field is then computed by merging these numerous elementary residual displacements. Here, we will use the flow field they obtained under a constant mean tidal regime and a permanent uniform wind field (SSW, 6.2 m.s -1 ), which gives a permanent eastward residual flow rate about 120 000 m 3 .s -1 through the Dover Strait Salomon and Breton (1993) .
Steady state distribution of a tracer in a permanent fluid flow
For the English Channel, according to the C-type Arakawa discretisation scheme (Fig.2) , the permanent lagrangian residual flow field can be represented on a regular grid (nc=367 columns x nr=184 rows, mesh : 1852m x 1852m), by its longitudinal component (velocity Ux i,j applied to the vertical mesh wall having a depth Hx i,j and a width Lx i,j ) and its latitudinal component (velocity Vy i,j applied to the vertical mesh wall having a depth Hy i,j and a width Ly i,j ). Using an upstream, first order advection scheme applied to a uniform grid with square meshes (Lx i,j = Ly i,j , for all i and j), all these flow rates can be gathered in a unique square (nr x nc, nr x nc) matrix, the so-called advective transport matrix A, according to the following equations established for the mesh situated at row i and column j in the grid : A i(nr+2)+j,i(nr+2)+j -1 = max (0, Hy i,j-1 x Vy i,j-1 )
(1) A i(nr+2)+j,i(nr+2)+j +1 = -min (0, Hy i,j x Vy i,j ) A i(nr+2)+j,(i-1)(nr+2)+j = max (0, Hx i-1,j x Ux i-1,j ) A i(nr+2)+j,(i+1)(nr+2)+j = -min (0, Hx i,j x Ux i,j ) A i(nr+2)+j,i(nr+2)+j = min (0, Hy i,j-1 x Vy i,j-1 ) -max (0, Hy i,j x Vy i,j ) + min (0, Hx i-1,j x Ux i-1,j ) -max (0, Hx i,j x Ux i,j ) Natural boundary inflows appear in this advection matrix at every marine cell of the border associated to an entering residual current, and at the coastal meshes receiving a river. If we call Clim the vector of permanent tracer concentrations imposed in all these boundary inflows (this vector has nr x nc rows, but contains zeroes except at boundary meshes having an entering flow rate), the steady state distribution of a conservative tracer concentration should be obtained by solving the system: Cequil = A -1 .Clim Two problems then arise, a mathematical one and a numerical one. First, the advective transport matrix is singular as soon as one completely closed loop does exist in the advective field, the simplest case being a single mesh totally closed. A simple way to make A always non-singular, even if terrestrial meshes are included, is to add into every mesh a very small flow rate (coming from outside of the system) and to take out the same flow rate from the mesh, say f i,j for the (i,j) mesh: f i,j can be seen as an additional flow passing through the mesh orthogonally to the real horizontal flow field. If we name Cf the input tracer concentration imposed in this additional flow, the corresponding tracer flow entering the system at the (i,j) mesh will be : f i,j .Cf i,j , the tracer flow going outside of the system at the (i,j) mesh will be f i,j .Cequil i,j . The field of additional flows f i,j may be defined in different arbitrary manners, according to the type of tracer under consideration and the purpose of the calculus. If we name S i,j the horizontal surface of (i,j) mesh and V i,j the volume of the water column associated to the same mesh, we can use surficial small flows (i.e. f i,j = 10 -6 .S i,j ) for tracers emitted really by the air-sea interface or by the sea-bottom one, or volumic small flows (i.e. f i,j = 10 -6 .V i,j ) for tracers emitted in the whole water column; here, we used the surficial type only. The second problem is linked to the handling of huge matrices: in our Channel application, the square matrix A has 67 528 rows, and its direct inversion on a personal computer is nearly unfeasible. Here we developed an iterative method based on splitting the original linear system into a mosaic of partially recovering subsystems. The size of the basic grid block has been set to 11 x 11, so that inversion of all the corresponding 121 x 121 submatrices becomes easy and fast on a personal computer; due to the fact that any grid block provides its border columns and rows as boundary conditions for the four adjacent blocks, information between adjacent subsystems circulates in the overall solution from an iteration to the next, building a converging good approximation of the solution after 50 iterations (Fig.3 ).
Sources and sinks of tracers used for temperature, SPIM and chlorophyll
Various input tracer concentration fields Cf may be used. For instance, Boolean-type concentration fields are relevant for simulating dilution of tracers coming from local pointsources (i.e. Cf i,j > 0 for the mesh containing the point-source, Cf i,j = 0 elsewhere). For simulating transitory air-sea heat exchange, we used a uniform concentration field (i.e. Cf i,j = 1 for all i and j). To simulate Suspended Particulate Inorganic Matter (SPIM), we used a concentration Cf i,j proportional to the silt content of the bottom sediment, and to the bed shear stress caused by the mean swell (i.e. to the square of the mean significant swell height divided by the depth). In the case of chlorophyll simulation, the corresponding tracer has to be introduced linked to the potential local richness in nutrients and to the mean availability of light among the water column. The light at sea surface level has been considered as uniform (I 0 =400 W.m -2 ), but suspended inorganic particulate matter (SPIM) and nutrient richness (N) cannot be assumed as spatially uniform. For SPIM, the mean annual field was obtained from SeaWiFS satellite data, averaged over the 1998-2003 period. For N, arguing from the predominant nitrogen limitation of primary production in the Channel , only dissolved inorganic nitrogen was considered, in form of its steady state winter conservative distribution. This was obtained by the present model forced by an open ocean inflow concentration of 3 µmol.L -1 , (deduced from surface nitrate measurements made by Morin et al. (1991) at the south-western entrance of the English Channel), and a local additional flow concentration Cf i,j = 0 for all i and j, except in the meshes receiving river outflows. In order to approximate real loadings, all river nitrate concentrations were set to 500 µmol.L -1 , the maximum annual mean observed in the Seine river (Guillaud and Ménesguen, 1998) ; for the river k with mean annual flow rate f k , the concentration of the additional flow f ij in the receiving mesh was assumed to be Cf i,j = (500.f k )/f ij . If we assume a Michaëlis-Menten law for light dependence of growth (with half-saturation constant K I ) as well as for global inorganic nutriment richness (with half-saturation constant K N ), we can compute a rough mean growth limitation in a well-mixed water column of height H and mean SPIM content M and mean chlorophyll content C: -at depth z, the available light is : I z = I 0 .exp (-k.z), with the extinction coefficient increasing with the suspended inorganic particulate matter M and the mean chlorophyll content C: k = k 0 + k 1 .M + k 2 .C 0.8 (Gohin et al., 2005 ) -over the whole water column, the mean light limitation is : -the resulting mean growth rate of phytoplankton is :
Here, the parameter values considered as constant all over the domain were: PAR available at sea surface I 0 =300 W/m 2 , k 0 =0.05
The constant concentration of phytoplankton in the open ocean inflow was set to 0.5 µg/L Chl.a, following the values occurring in the south-western entrance of the English Channel in our satellite-derived mean annual concentration map of chlorophyll (see Fig. 10a ). In order to take into account non-conservative properties, tracers can be considered as having a first order decay, with a specific half-life duration T. In our case, homogeneous T values all over the Channel have been retained for temperature, whereas spatially varying values have been necessary to simulate SPIM and chlorophyll distributions. For SPIM, as 0.5 m.day -1 can be considered to be a minimum net settling velocity of silt particles in the central most turbulent part of the English Channel, where the mean depth is about 60 m, the maximum half-life duration T is then about Ln(2)/(0.5/60)= 20.79, and has been set to 20 days. The local half-life duration T i,j in the (i,j) mesh was then considered as varying linearly between 0 and 20 days depending on the kinetic turbulent energy dissipation criterium U 3 /H, where U is the mean instantaneous current velocity over a tidal period.
For chlorophyll, the decay rate has been considered as made of two components: a spatially uniform one, corresponding to pure pelagic mortality processes (with a half-life set to 4 days) and a spatially varying one, corresponding to the probability of settling on the bottom and to be consumed by benthic filter-feeding. As a first approximation, this component has been set inversely proportional to the water depth H (mortality rate (day -1 ) = 10/H, H in meters).
Satellite image processing
The Sea Surface Temperature (SST) maps of the Channel are derived from AVHRR (Advanced Very High Resolution Radiometer) data. These maps have been provided by the SAF (Satellite Application Facility) "Ocean and Sea Ice" of EUMETSAT/MeteoFrance, located in Lannion (France). The surface chlorophyll a concentration in the English Channel has been routinely retrieved from the SeaWiFS reflectance by using a look-up table specifically defined for these turbid waters (Gohin et al., 2002) . This method is based on the Blue/Green reflectance ratio, as defined in the standard OC4 algorithm ( O'Reilly et al., 1998) for clear waters, but takes also into account the reflectance at 412 and 555 nm in order to empirically correct, as much as possible, for errors in the atmospheric correction, yellow substances and mineral sediment effects. This table gives much lower and more realistic results than OC4 during the winter months and in the river plumes in case of high concentrations of suspended sediments. Once the chlorophyll concentration has been determined, SPIM, which is defined as the SPM not related to the dead or alive endogenous phytoplankton, is derived from the radiance in the green, at 555 nm. SPIM is assessed by inverting a semi-analytic model of the radiative transfer taking into account the theoretical absorption and diffusion coefficients of the different components of the medium (pure water, phytoplankton and SPIM) at 555 nm (Gohin et al., 2005) . This method provides realistic estimations of concentrations of chlorophyll and SPIM over the continental shelf all over the year. The only significant limitation in the reliability of these images stands for SPIM, which may be underestimated in case of high chlorophyll concentrations and in the most turbid areas (where the channel at 670 nm should be preferred). The best images obtained from January 1998 to December 2003, whose percentage of cloud-free pixels was above a threshold of 25%, have been used to calculate the average map. Average maps are calculated on a Mercator grid with a pixel size of 1100m. On each pixel of the grid, the mean value is the arithmetic mean of all the satellite-derived Chl.a or SPIM observed during the period.
Results
The theoretical location of the retention areas in the English Channel
Continuous injection of a conservative tracer into every mesh of the stable tidal lagrangian residual velocity field allows highlighting different water bodies in the English Channel (Fig.4) . Apart from the main eastward central flow, which appears gradually enriched in tracer from west to east, several gyres appear as tracer abnormally concentrating water bodies, due to recirculation. Some capes induce well individualized gyres: Barfleur gyre (Fig.4 A) and Antifer gyre (Fig.4 B) , some bathymetric coastal features create small coastal gyres which can remain isolated: Luc-sur-mer (Fig.4 C) , Port-en-Bessin (Fig.4 D) , Erquy (Fig.4 E) , or aggregate into large retention areas: for instance, Portland (Fig.4 F) , Isle of Wight west (Fig.4 G) , south (Fig.4 H) and east (Fig.4 I) and Eastbourne (Fig.4 J) gyres merge into a south-England coastal strip. A particular strong feature appears along the French coast of the eastern Channel, as a narrow, alongshore strip (Fig.4 K) starting from the Antifer gyre and ending at Cape Gris Nez; even a pure 2D barotropic field of residual currents without any density effect of freshwater inputs, because it guides water in a shallow, alongshore strip and locally re-circulates it in micro-gyres, is then sufficient to explain the observed so-called "fleuve côtier" (Brylinski et al., 1996) . Shoals can also generate some trapping, as around Eddystone Rocks (Fig.4 L) or in the large area northwest from Roches Douvres (Fig.4 M) . Surprisingly, the strongest gyres, which are generated by the tidal motion rotating around islands, induce only a medium accumulation: Jersey (Fig.4 N) , Chausey (Fig.4 P) or even a local depuration: Guernsey (Fig.4 Q) , Alderney (Fig.4 R) and Scilly ( Fig.4 S) ; the first four are cyclonic, the latest anti-cyclonic. Two types of gyre do appear, whatever their cyclonic or anti-cyclonic nature: "open water" gyres, which can accumulate conservative tracers, and "around islands" gyres, which act on the contrary as slings projecting tracers outwards. The behaviour of a specific gyre can be visualized through the steady state plume obtained by injecting a strong additional flow with concentration 1 in a single mesh in the middle of the gyre and very weak additional flows with concentration 0 elsewhere. Figure 5 shows the containing behaviour of an open water gyre (Barfleur) and the dispersive behaviour of an around island gyre (Guernsey). The case of Jersey is similar to Guernsey, except that the projected tracer quickly invades a rectangular area (the so-called Gulf of Saint-Malo) but is contained offshore by the front between Jersey and Guernsey.
But all the retention structures observed by using a pure conservative tracer are not of the same nature, especially in terms of time constant. Using tracers having increasing half-life constants allows screening the "quick" structures from the "slow" ones. Figure 6 shows that a quick disappearing substance (half-life T = 0.5 day) cannot "see" any of the retention areas previously described : as the substance is injected proportionally to the sea surface, steady state concentration distribution closely reflects the local dilution volume, i.e. the depth of the grid meshes. This explains the higher concentration in zones with depths between 0 and 20m, i.e. in a narrow strip along the coasts, but also around Chausey Isles (P on Fig.4 ) and between Jersey (N on Fig.4) and the French coast. Substances having half-life durations about 4 days can be accumulated in small gyres such as Luc-sur-mer (C on Fig.4) , Port-en-Bessin (D on Fig.4) , Erquy (E on Fig.4) , Isle of Wight west (G on Fig.4 ) and east (I on Fig.4) . A two weeks half-life duration is necessary to Barfleur (A on Fig.4) , Antifer (B on Fig.4) or south Isle of Wight (H on Fig.4 ) to become apparent, as well as the alongshore "fleuve côtier" (K on Fig.4) . A one month half-life duration brings the completeness of these previous structures and begins merging some of them, as along the coast of England. But some striking structures exhibited by a totally conservative tracer on Fig.4 are not yet fully developed in the T=32 days case: the 65m deep area north to the "Banc des langoustiers" (T in Fig.4 ) does work as a retention area for quasi-conservative substances only, as do the inner part of Antifer gyre (B on Fig.4) , the southern boarder of the Portland-Wight-Eastbourne belt, and the small Eddystone Rocks area (Fig.4 L) . These non-uniform dynamics of the various retention areas in the Channel will be of great concern for numerous ecological properties : accumulation of short-lived particles such as phytoplankton will be efficient in only few and restricted areas, whereas medium-lived particles such as macro-zooplankton or invertebrates larvae can be trapped in mesoscale structures. Only nearly conservative substances, such as persistent pollutants (PCB, heavy metals…) can reveal the slowest retention structures, such as the middle of the Antifer gyre in the Eastern Channel or the "Banc des langoustiers" area in the western Channel.
Detection of these theoretical areas of retention on satellite-derived maps
SST in the Channel is one of the most anciently and extensively measured of all the oceanographic parameters. The most striking features are the chevron structure of surface isotherms in the central and eastern parts, along with the creation, every spring, of a warmer surface layer in the stratified north-western part of the Channel, separated from the wellmixed central Channel by a well-marked front. As we don't use a multilayer model in this paper, our only purpose here is to assess how structures in the unstratified parts of the Channel can be explained by the computed retention areas. For each season, a clear AVHRR image of the whole Channel has been chosen; left column of Fig.7 shows these pictures. If we assume that the instantaneous net thermal exchange between the sea and the atmosphere is globally homogeneous all over the Channel, these SST maps should be simulated by our technique of continuous injection into every mesh of a conservative tracer having a specific half-life duration. In order to find the half-life best fitted to each season, the 8 theoretical maps corresponding to tracers having respectively half-life constants T=2 0 , 2 1 , 2 2 , 2 3 , 2 4 , 2 5 , 2 6 , 2 ∞ days have been compared to the four seasonal satellite images, using the linear correlation between (satellite SST, tracer concentration) pairs all over the Channel grid in autumn and winter, only in the non-stratified part in spring and summer (Fig.8) . Two types of situations came out of these comparisons: late summer and late winter situations are better simulated by tracer having long half-lives (r 2 =0.36 and 0.54 respectively at T=2 ∞ ), whereas spring and autumn situations are more correlated to very short-lived tracers (r 2 =0.31 at T=2 2 for both). For each season, the right column of Fig.7 gives the best correlated tracer distribution, with tracer concentration set at 0 in the marine entrances and at 1 in the additional continuous injections made into every mesh for "heating" seasons (spring and summer) and the reverse for "cooling" seasons (autumn and winter). Accordingly, only "quick" retention areas can be seen in satellite SST images taken in transient seasons, for instance the warmer waters in spring and cooler ones in autumn in the small coastal gyres: Luc-sur-mer (Fig.4 C) , Port-en-Bessin (Fig.4 D) , Erquy (Fig.4 E) , Isle of Wight east (Fig.4 I) . On the contrary, "stable" seasons corresponding to several months of low (winter) or high (summer) thermal input can reveal "slow" retention areas, such as the Barfleur (Fig.4 A) , Antifer (Fig.4 B) or south Isle of Wight (Fig.4 H) gyres, as well as the alongshore "fleuve côtier" (Fig.4 K) and the "Banc des langoustiers" area (Fig.4 T) . These areas appear abnormally warm at the end of summer and abnormally cold at the end of winter. Areas with the longest time constant can even persist in the following transient seasons, as relics of the previous stable season: see the warm core staying on the "Banc des langoustiers" area (Fig.4 T) in the autumn image. Turbidity of the sea surface waters is another oceanographic parameter of great concern for ocean optics and photosynthesis in the sea. Recent progress in sea colour satellite data processing allows to discriminate SPIM from organic and living components of the global turbidity. Despite the fact that SPIM is generally more concentrated near the bottom than near the surface of the water column, satellite images reveal the presence of SPIM in surface waters in some areas of the Channel, especially after wind episodes. In such an intermittent phenomenon, a mean composite image performed all over the clear SeaWiFS images available (Fig.9 left) has been preferred to some instantaneous images. This overall mean reveals two striking features: the opposition between the turbid central Channel and the rather clear western and eastern parts, the dissymmetry between the English coast (more turbid, especially in the south of Isle of Wight) and the French coast. The first feature reminds us to the well-known maximum of turbulent energy dissipation situated in the zone of maximum velocity of tidal currents, in the middle of the Channel between the French Cotentin peninsula and the Isle of Wight (Pingree, 1980) . The permanent vertical mixing in this central region can prevent SPIM from sedimentation, i.e. locally lengthen their half-life constant, whereas non-turbulent areas will induce quick settlement, i.e. shorten SPIM half-life duration. The second feature is in favour of a re-suspension of fine particles being more sustained in the English coastal zone than in the French one. The map of sediments in the Channel (Vaslet et al., 1978) clearly shows more silty deposits along the England coast, especially in Lyme Bay, where the Channel biggest muddy area is located. In a steady state situation however, re-suspension of fine silts cannot be driven by tidal currents, because silts indeed settle in low current areas. Swell can then be invoked, especially in the western Channel impacted by waves coming from the Atlantic. Actually, thanks to computed maps of percentage of time of sediment disturbance by waves, Grochowski and Collins (1994) have shown that the most impacted areas were located on the French side, along the western coast of Cotentin peninsula (≥ 40% of the year), and along the English side, in the coastal strip of Lyme Bay and at the entrance of the Solent (≥ 20% of the year). A map of computed annual mean significant wave height (Benoit and Lafon, 2005) and a map of silty sediment fraction (Vaslet et al., 1978) in the Channel have then been combined to weigh the tracer concentration in the additional flow injected in every mesh. Tracer concentration in entering water at the western entrance has been set to zero. The steady state distribution of such a tracer (Fig.9 right) explains the main features of the observed maximum of the mean annual SPIM distribution in the central Channel (Fig.9 left) : in the southern area, between Channel Isles and the Cotentin, silty deposits in shallow waters are re-suspended by the swell, and the suspended particles which enter the strong residual gyres around Channel Isles are maintained in the water column and projected all around, building the plume of turbid waters extending northerly from the Cotentin peninsula. On the contrary, the striking turbidity maximum in the south of Isle of Wight can be explained by trapping particles coming from the Lyme Bay area (Devon), or from the western approach of the Solent, by the open water gyre located in the strong current area in the south of Isle of Wight (Fig.4 H) . Observed SPIM distribution illustrates very well the opposite functioning of open water gyres and around island ones.
Chlorophyll content (Chl) of the surface waters is now well estimated from satellite colour sensors, even in the coastal zone. As for SPIM, Chl images show the sporadic and spatially heterogeneous behaviour of the phytoplankton growth throughout the seasons; according to our steady state point of view, only the mean composite image (Fig.10 left) will be considered here. The more striking features of this Chl distribution are the poorness of the Western Channel, except in the north-western part, where the summer stratification allows annual blooming (Pingree et al., 1979 , Holligan et al., 1983 ) of a particular dinoflagellate, Karenia mikimotoï, and the richness of a strip along the French coast of eastern Channel, including the Barfleur (Fig.4 A) and Antifer (Fig.4 B) gyres and the "fleuve côtier" (Fig.4 K) . Comparatively, the strip of enhanced Chl content also noticeable along the England coast, from the east of Isle of Wight up to Eastbourne, appears thinner and poorer. That could be referred to the dissymmetry of river loadings along the English and the French borders: only the last one receives important nutrient loadings by the rivers Seine and Somme. As the injection technique in every mesh allows the computation of the steady state distribution of any nutrient considered as a pure conservative tracer, here we have chosen to take into account only the main limiting nutrient for phytoplankton growth, i.e. nitrogen, introduced in the Channel by the Atlantic oceanic water and by the main 16 French and English tributaries. This computed steady state nitrate distribution can be considered as giving the winter initial richness of the Channel, which will fuel the phytoplankton production all over the year, as "new" nutrient form at the beginning of spring and as "regenerated" nutrient form during summer and autumn. The number of cycles experienced during one year by a nitrogen atom will vary from 0 (at the mouth of rivers) to 5 (Maguer et al., 1996) in poor marine areas of the western Channel, so that either loading forcing at the boundaries or intense recycling in oceanic areas may be considered as maintaining the order of magnitude of nutrient richness fairly constant at the year level. This nutrient map can then be used in the Michaëlis nutrient limiting factor weighing the continuous injection of phytoplankton made into every mesh as detailed in equation (3). As the extinction coefficient is not only dependent on the SPIM turbidity (Fig.9 left) but also on the unknown phytoplankton biomass, the final system to be solved for chlorophyll concentrations becomes nonlinear, but can also be solved by our iterative method. Surprisingly, the best fitted computed steady state chlorophyll distribution (Fig.10 right) was obtained without any nutrient limitation (K N =0) and a moderate light limitation (K I =50 W.m -2 ); the corresponding steady state reproduces very well the patterns of mean chlorophyll in the Eastern Channel and along the U.K. coast, but fails in two areas of the Western Channel. Because of the inability of this 2D model to take into account the summer stratification in the north-western Channel, the Karenia bloom cannot be reproduced. Taking into account a mortality component growing inversely to depth does not totally prevent the model from overestimation of the phytoplankton concentrations occurs around the Channel Isles Jersey and Chausey. This could be explained by the strong predation exerted in this special area of the English Channel by the very abundant shellfish populations (Savina, 2004) .
Discussion
The steady state calculus has been applied here to a 2D permanent flow in an unstratified water body. Obviously, this restriction hampers the computation of realistic maps in the thermally stratified areas, such as the north-western English Channel in summer. As areas able to stratify can be delineated by a critical isoline of the Simpson-Hunter criterion (Simpson and Hunter, 1974) , a possible improvement could be obtained by splitting the whole domain in two layers (e.g. the surface layer going from the sea surface down to 20 m deep, and the bottom layer beneath). These superposed layers should be coupled by vertical diffusive exchange (low in the stratified area, strong in the well-mixed area). The main problem to be solved is the determination of the concentration of the micro-injection in a bottom mesh relatively to the concentration injected in the surmounting surface mesh.
For SPIM studies, our technique can help explaining the origin of suspended material observed in some places, as in the gyre south from the Isle of Wight. Velegrakis et al. (1999) have shown, by measurement of size and diatom material content of the SPIM in the central English Channel, that the turbidity maximum in the south of Isle of Wight was probably fuelled not by local re-suspension, but by fine particles coming from the coastal zone and transported there by horizontal advection; as a matter of fact, fine particles are absent in the coarse grained sediments under the patch of turbidity, or trapped under the armour formed by these coarse gravels. Using a 2D hydrodynamical model containing a wave/current interaction formulation, they also showed that coastal re-suspension can effectively be caused by westerly waves reaching the English coast. Our technique shows that a permanent turbid patch can be formed by trapping allochtonous fine particles in an "open water" gyre, and could be used for assessing the parts of various coastal places in the total fuelling of this turbid patch.
For phytoplankton, the fact that observed annual patterns can be well reproduced by taking into account the only light limitation, is in favour of the pre-eminence of the light availability in the control of primary production in the English Channel, at least at the annual scale. The steady state approach corroborates the results of the dynamic modelling, as presented on a 15 year period by Hoch and Ménesguen (1997) . In the coastal areas, the apparent lack of nutrient limiting effect at the yearly level can be explained by the terrestrial loadings, especially in the eastern French coastal strip by the Seine and Somme loadings. The coastal turbidity due to river inputs as well as sediment re-suspension by waves militates also in favour of a main limitation by light in these areas. On the contrary, the non-emergence of the nutrient limitation as the main one in the deep central and western Channel appears more questionable. As previously discussed, our 2DH model cannot represent the vertically varying nutrient availability in the summer stratified north-western Channel, and cannot bring a reliable answer for this particular area. But in the well-mixed central Channel, if we take a representative set of parameter values (depth=60m, mean chlorophyll concentration=0.6 µg/L, mean SPIM concentration=1mg/L), the light limitation factor according to Eq.2 amounts to 0.285, a limitation which would be overridden by the nutrient limiting effect only if the phytoplankton would have a Michaëlis constant for nitrogen uptake K N >7.5 µmol/L in waters having the annual mean nitrogen concentration [NO 3 ]=3 µmol/L, and K N >0.75 µmol/L in waters having the common summer level of nutrient [NO 3 ]=0.3 µmol/L. As many authors (Harrison et al., 1996) have measured K N values lower than 1 µmol/L in temperate oceanic waters, it seems plausible that in sufficiently deep and well-mixed water column (i.e. about 50m deep), such as the whole central English Channel, the light limitation is stronger than the nutrient one.
Using half-life constants adapted to planktonic larval stages of benthic species should also provide some explanation to the observed benthic adult geographical distributions, as well as their genetic homogeneity. As shown in Fig.5 , a benthic species with a pelagic stage, either autochtonous or accidentally introduced, will be contained or rapidly disseminated, depending on the type of area where the pelagic stage is released. In the Bay of Seine (Eastern English Channel), some recent genetic studies (Jolly et al., 2003) , as well as lagrangian simulations (Ellien et al., 2004) , have confirmed the relative independence of populations of benthic annelids (Pectinaria koreni) located in different structures of retention, such as the Barfleur (Fig.4 A) and the Antifer (Fig.4 B) gyres. Conversely, long coastal strips as the "fleuve côtier" (Fig.4 K) have been shown to ensure a progressive transport of ageing larvae of annelids (Polydora ciliata, Brylinski and Lizon, 2002) or fishes (Sprattus sprattus, Grioche et al., 1999) along the whole French coast of the Eastern Channel. The standard retention pattern induced by the mean residual tidal circulation, as considered in this study, may be partially disturbed by the winds, inducing year-to-year fluctuations in the retention capability of some water masses and, hence, contributing to the recruitment fluctuations of benthic populations (Barnay et al., 2003 , Lagadeuc, 1992 , Ellien et al., 2004 . However, coastal ecosystems such as the English Channel, where the retention process is mainly governed by the tidal factors, are expected to show a strong resilience to the climatic change.
Conclusion
Computed permanent flow fields seem to have never been used to calculate steady state distributions in marine areas. The technique proposed here allows exploring several problems, such as assessing steady state domain of influence of any point source (on the coast line or in high sea), or delineating accumulation areas. It should provide an hydrodynamically based method for splitting the sea in a mosaic of rather independent regions, which could improve ecological box-models Hoch, 1997, Baretta et al., 1995) , as well as found on physical grounds any "administrative" water masses delineation, used for instance for water quality monitoring. In Europe especially, the Common Implementation Strategy of the Water Frame Directive (CIS, 2002) requires splitting the coastal area into significant water bodies, based on some "obligatory factors": latitude, longitude, tidal range, salinity, and some "optional factors": current velocity, wave exposure, mean water temperature, mixing characteristics, turbidity, mean substratum composition, water temperature range and retention time (of enclosed bays). The fact that the retention time parameter has been restricted to enclosed bays by the official guidance shows that the delineation of hydrodynamically relevant water bodies in open coastal waters remains undefined, although the delineation of coastal water masses is the necessary first step of monitoring coastal water quality in the Water Frame Directive.
Coupling a static benthic grid (i.e. without any horizontal transport) to the surmounting dynamical flow grid should allow a more complete study of pelago-benthic systems, as fine sediment deposition and re-suspension, or settlement of benthic species with planktonic larvae. The steady state computation appears to be a quick tool for testing the respective importance of different processes in the final mean geographical distribution of marine species. Chl.a.
